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SUMMARY 



An investigation In two NACA wind tunnels has deter- 
mined the effect of Reynolds number and stream turbulence 
on the lift and drag characteristics of a low-drag air- 
foil, the NACA 655-11.18, ■ a = 1.0 section, particularly 

at low Reynolds numbers, to give an indication of the 
performance of low-drag wings in low-scale tests. The 
results are correlated with similar data for the same 
airfoil section In the NACA two-dimensional low -turbulence 
pressure tunnel to provide data over a range of Reynolds 
number from 0.19 to 9.0 x 10°. 

Large Increases in minimum drag coefficient were 
found as the Reynolds number decreased. This effect was 

particularly marked at Reynolds numbers below 1.5 x 10^. 

At Reynolds numbers below 1.5 x 10^, stream turbulence had 

little effect on the drag characteristics of the 

NACA 655-I1.I8 airfoil section when compared on the basis 

of test Reynolds number but, at higher Reynolds numbers, 
stream turbulence had a detrimental effect on drag. 

Large decreases in maximum lift coefficient were 
found with decreasing Reynolds number; most of this 
decrease was encountered at Reynolds numbers above 

2.0 x 10^. Marked differences in maximum lift were 
apparent between the results obtained at high and low 
turbulence. When compared on the basis of effective 
Reynolds number, however, fair agreement was reached 
between the data obtained under both turbulence condi- 
tions. 
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Considerable variation of lift-curve slope with 
Reynolds number was found. Results at low and high 
turbulence differed as much as 6 percent but yielded 
the sane value of lift-curve slope at a Reynolds number 

of approximately L.O x 10 . At Reynolds numbers higher 
than k.O x 10 , no scale effect on the lift-curve slope 
was observed over the range tested. 

In view of the large variations in the lift and 
drag characteristics found for the NACA 65^-iil8 airfoil 

section over a range of Reynolds number from 0.19 

to 9.0 x 10 , it is thought that the use of low Reynolds 
number test data relating to low-drag airfoils is 
unreliable either to estimate full-scale characteristics 
or to determine the relative merits of airfoil sections 
at hi she r Reynolds numbers. 



INTRODUCTION 



Investigations of scale effect on the lift and drag 
characteristics of low-drag airfoil sections have regu- 
larly been made at Reynolds numbers above 3.O x 10" 
and at lew 3tream turbulence in the NACA two-dimensional 
low- turbulence pressure tunnel (designated TDT). It Is 
well icnovm that other investigations of low-drag-airfoll 
sharaoteri sties are carried out in tunnels with higher 
turbulence levels at Idwct Reynolds numbers than the 
investigations in the TDT. Proper interpretation of 
these data obtained at low Reynolds numbers and at 
various degrees of stream turbulence is difficult because 
of the unknown stream turbul-anc? effect and scale effect 
at low Reynolds numbers on the characteristics of low-drag 
airfoils. Extrapolation of these data to higher Reynolds 
numbers and low turbulence (flight conditions) i3 
unreliable for this reason. 

The purpose of the present investigation was to 
determine the effect of Reynolds number and stream 
turbulence on the lift and drag characteristics of a 
low-drag airfoil section through a range of Reynolds 

number bellow J.C x 10°. Models of the NACA 65^-1+18, a = 1.0 

airfoil section having chords of 6 and 21; Inches were 
tested in the KACA tv<o-diF:en3lonal low- turbulence tunnel 
(designated LTT} , which has a stream turbulence of only a 
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few baindredths of 1 percent. This turbulence Is consider- 
ably below the level at which any change would be notice- 
able In the critical Reynolds number of a sphere. The 
tests covered a range of Reynolds, number from 2.77 
to 0.23 x 10°. Models of the same section having chords 
of 12. and 1|.8 inches were tested In the LMAL 7- by 10-foot 
tunnel (designated 7 by 10 tunnel), which has a turbulence 
factor of 1.6 as determined from sphere tests. The test 

■teynolds numbers ranged from 2.99 to 0.19 x 10 . 



MODELS AND METHODS 



Ordlnates for the NACA 65^-^18, a = 1.0 airfoil 
section are presented In table I. The models having 
chords of 12, 2)> T) and ^fa Inches were of wooden construc- 
tion and "fere prepared for testing by the methods described 
in reference 1. The 6-Inch-chord model was built of solid 
aluminum alloy and was polished by hand to give an aero- 
dynavicelly rmooth surface. 

The 2I4.- Inch- chord model was tested at tunnel pres- 
sures of 2, 3, and J+ atmospheres in the^TDT at Reynolds 
numbers of 2.77, 3.1, 6.1, and 9.0 x 10°. The same 
model v;as tested at atmospheric pressure In the LTT at 

Hoynolds numbers from 0.68 to 2.77 x 10 . The 6-Inch- 
chord i.iodel was similarly tested in the LTT for a range 

of "Jeynolds number from 0.23 to G.66 x 10 b and In 
the TDT for a range from O.38 to i;.0 x 10°. 

In the TDT and LTT, drag was measured by the wake- 
surve;- method and lift was obtained by Integrating the 
pressures along the floor and ceiling of the tunnel test 
section. Because the TDT and LTT have test sections of 
the same size, the tunnel-wall corrections to lift and 
drag for each model were the same In both tunnels. The 
tunnel-wall corrections for the 6-inch-chord model were 
obtained from the same basic considerations that were 
used bo determine the corrections for the 2lj.-inch-chord 
model . 

In the 7 by 10 tunnel, the models spanned the test 
section except for a small clearance at each end. They 
were rigidly attached to the balance frame by torque tubes 
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extending through the tunnel walls. This installation 
is thought to approximate closely two-dimensional flow 
and therefore to make it possible to obtain section 
characteristics . 

In the 7 "by 10 tunnel, lift characteristics were 
obtained from force measurements on the tunnel balance 
system. Drag characteristics were obtained by the wake- 
survey method. Lift coefficients have been corrected 
for effects of tunnel-wall interference by using the 
experimental correction explained in reference 2. The 
drag coefficients were corrected for tunnel-wall inter- 
ference by using the same considerations from which the 
corrections were obtained for the TDT and LTT data- 



RESULTS AND DISCUSSION 

A comparison of lift data obtained in the LTT and 

TDT at a Reynolds number R of 2.77 x 10^ is presented 
in figure 1. The LTT data were obtained at atmospheric 
Dressure and a Mach number of O.I9I4-, whereas the TDT data 
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were obtained at a tunnel pressure of ly atmospheres and 

a Mach number of 0,150. The curves are Jn good agreement 
both in respect to slope and maximum lift coefficient; it 
is therefore improbable that any Mach number effect on 
maximum lift coefficient, which might have been expected 
from the results presented in reference 3, exists in the 
LTT data at this Reynolds number. 

Lift data from the LTT and TDT are presented in 

figures 2 to l\. and from the 7 by 10 tunnel, in figure 5» 

It may be noted in figure 1± that tests of the 6-inch-chord 

and 21j.-inch-chord models in the LTT at Reynolds numbers 

of 0.66 and 0.68 * 10^, respectively, are in good agree- 
ment. 

At values of the lift coefficient above 0.9, a jog 
in the lift curve (figs. 2 to ij.) is encovmtered. This 
jog is due to a region of laminar separation on the upper 
surface just downstream of the leading edge. The jog 
becomes more marked as the Reynolds number decreases and, 
at the lowest Reynolds number, the Jog in effeot determines 
maximum lift. It may be seen in figure 5 that no jog in the 
lift curve is found in the results from the 7 by 10 tunnel. 



NACA ACR No. Ll(.Hll 



5 



The absence of the Jog In these curves indicates that, 
at the point on the airfoil where laminar separation 
occurs in the LTT, the flow is already turbulent In the 
7 by 10 tunnel because of the high turbulence level. 
A detailed Investigation of this separation effect is 
reported in reference ij.. 

Drag data are presented In figures 6 and 7« It may 
be noted in figure 6 that the extent of the low-drag range 
Increases progressively as the Reynolds number is decreased. 
The high values of the drag coefficients at low Reynolds 
numbers appear to be connected with a region of laminar 
separation just downstream of the point of minimum pres- 
sure. Little Is known of the laws governing the extent 
and quantitative effect of this local region of separated 
flow except that both the extent of the region and the 
drag increase as the Reynolds number is decreased. 

It may be noted in figure 7 that, for the higher 
teat Reynolds numbers, minimum drag occurs in the 7 °y 
10 tunnel at a lift coefficient of about O.55 instead 
of at the design lift coefficient of 0.1).. Because of the 
difficulty of measuring drag by the wake-survey method 
In the 7 by 1° tunnel, drag data were obtained for only 
a limited range of lift coefficient. 

Curves that show the scale effect on maximum lift 
coefficient are presented in figure 8. The test results 
from the 7 by 10 tunnel are plotted against both teat and 
effective Feynolds number. (Effective Rpynolds number = 
Test ^evnolds number x Turbulence factor. ) The LTT 
and TDT results are plotted against the test Reynolds 
number which, of course, would be equal to the effective 
Reynolds number since the stream turbulence is only a 
few hundredths of 1 percent. Large decreases in maximum 
lift coefficient are apparent with decreasing Reynolds 
number, particularly above an effective Reynolds number 

of 2.0 x 10 Figure 8 Indicates that, below a Reynolds 
number of 10 , the data from the 7 by 10 tunnel are In 
fai" agreement with the data from the TDT and LTT when 
plotted against test Reynolds number. Above a Reynolds 
number of 10", the data from the 7 by 10 tunnel are in 
good agreement with the data from the TDT and LTT" 1 when 

? lotted against effective Reynolds number. It is seen 
hat the rate of increase In maximum lift coefficient is ✓ 
greatest at a Reynolds number of approximately 5«0 x 10°. 
For other low-drag airfoils, neither the value of the 
Reynolds number at which this rapid increase takes place 
nor its quantitative effect Is known. It is therefore 
thought that extrapolation of low-scale data or data which 
do not determine this characteristic should be avoided. 
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Various curves of drag coefficient against Reynolds 
number are presented in figure 9- Th Q results obtained 
for the NACA 655-I4.I8 section in the LTT and TDT show that 

for this airfoil the drag does not follow the law for the 
variation of either laminar or turbulent skin friction 
over a flat plate. LI? "Imuxn drag cos 11' icient Increases 
progressively as Reynolds number decreases j this effect 
is particularly marked at Reynolds numbers below 

1.5 x 10 6 . 

At Reynolds numbers below 1.5 x 10^, LTT and TDT 
results are in fair agreement witn results fron the 
7 by 1C tTxrwl when compared on the basin of test 

Reynolds number. At a Reynolds number of about 1.5 x 10^, 
at which local separation effects are decreasing and 
reasonably low drag Is found on tlia NACA 65.5--4IC section 

in the LTT and TI" T ■, the results from ths 7 by 10 tunnel 
as plotted a^Mins'- test Reynolds nvr»b&r are starting to 
diverge froa ".he LTT :TT rt» auj^w. As the Reynolds 
number inc: - '-': z>. s . 'Jhc h.* 1 " ice level of the 

7 by 10 tur,ijOx noves t *■> Irj. . 1 Lt'on point toward the 
leading edge and increases the drag over the values 
obtained in streams of low turbulence. 

A curve of drag coefficient at the design lift coef- 
ficient for the NACA OOlci airfoil section is presented in 
figure 9 fcr comp:-;::-I son. This curve rooresenta the 
average of several test results in the LTT. It may be 

noted that, et Ke:".iolds numbers below 1.5 * 10^, the low- 
drag section no longer shows a lower drag than the con- 
ventional section. 

Scale effect on lift-curve slope and on the angle 
of zero lift is shown in figure 10. Data obtained in the 

LTT at Reynolds numbers of O.96 and 1.57 x l 3 ^ are not 
pre sent 3.i since sufficient data were not taken to define 
the slono accurately. Although, the scale effect on the 
an^le of zero lift is small, considerable variation of 
lift-curve slope with Reynolds number is found. In the 

Reynolds number range from 0.20 to 5.0 x 1G^, there is 
at first a divergence and then a convergence of the data 
obtained under the two turbulence conditions; the maximum 
difference between the two curves is approximately 6 per- 
cent at Reynolds numbers of approximately 10^. At Reynolds 



NAOA ACR No. Ll4.RH 



7 



numbers above l±.0 x 10°, the slopes appear to be the sane 
tinder the different turbulence conditions, and there 
seems to be no further scale effect for the range tested. 

At a Reynolds number of approximately 10^, it may be 
observed that the variation of lift-curve slope with 
Reynolds number becomes small under the high- turbulence 
condition. It seems reasonable to expect, however, that 
the Reynolds number above which the changes in lift- 
curve slope become unimportant depends considerably on 
the particular airfoil section and turbulence character- 
istics of the air stream. The data presented in fig- 
ure 10 further emphasize the unreliability of using data 
at low Reynolds numbers to predict full-scale character- 
istics. 



CONCLUDING REMARKS 



Large increases in minimum drag coefficient were 
found as the Reynolds number decreased; this effect was 

parti cularljr marked at Reynolds numbers below 1.5 * 10^. 
At Reynolds numbers below 1.5 x 10&, stream turbulence 
had little effect on the drag characteristics of the 
IT AC A 653-U18, a = 1.0 airfoil section when compared on 
the basis of test Reynolds number but, at higher Reynolds 
numbers, stream turbulence had a detrimental effect on 
drag. 

Large decreases in maximum lift coefficient were 
found with decreasing Reynolds number; most of this 
decrease was encountered at Reynolds numbers above 

2.0 x 10^. Marked differences in maximum lift were 
apparent between the results obtained at high and low 
turbulenoe. When compared on the basis of effective 
Reynolds number, however, fair agreement was reached 
between the data obtained under both turbulence condi- 
tions. 

Considerable variation of lift-curve slope with 
Reynolds number was found. Results at low and high 
turbulence differed by as much as 6 percent but yielded 
the same value of lift-curve slope at a Reynolds number 

of approximately I4..O x 10^. At Reynolds numbers higher 

than J+.O x 10&, no scale effect on the lift-curve slope 
was observed over the range tested# 
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In view of the large variation in the lift and drag 
characteristics found for the NACA 65j-Ll8 airfoil 

section over a range of Reynolds number from 0.19 to 

9.0 x 10 , it is felt that the use of low Reynolds number 
test data relating to low-drag airfoils Is unreliable - 
either to estimate full-scale characteristics or to 
determine the relative Merits of airfoil sections at 
higher Reynolds number? . 



Lung ley Memorial Aeronautical Laboratory 
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TABLE I 



ORDINATES FOR THE NACA 65j-4l8, a = 1.0 AIRFOIL SECTION 
JaII stations and ordinat9S given In percent ohordj 



TJpper surface 



Lower surface 



Station 



Ordinate 



Station 



Ordinate 



0 

,2?8 
.503 
•973 
2.131 

4-639 
7.123 
9-619 
1I+.636 
19.671 
24.716 
29.769 

3li. S2S 

54- 943 
so. 000 

55- 051 
60.094 
6^.126 
70.146 

80.147 
85.127 
90.092 
95-046 
100.000 



0 

1.418 
1.729 
2.209 
3.104 
4.481 
5.566 

6. 47O 

7.942 
9. Obi 

9.914 
10.536 
IO.944 
ll.l40 
11.091 
10.77)- 
10.198 

9.408 

7.36S 
6.133 
4-? 2 Z 

2.350 
■ 1.120 
0 



0 

.722 

-997 
I.527 
2.819 
5.36I 

7-877 
10.381 

15.364 
20.329 
25.284 
30.232 

35.175 
40.1l6 

45.057 
50.000 

54.94? 
59.906 

64.674 

89-908 

94.954 
100.000 



0 

-1.213 

-1.449 

-1.781 
-2.360 

-3.217 
-3.870 

-4.410 
-5.250 

-5.677 

-6.334 
-6.645 
-6.824 
-6.85S 

-6.711 

J62 




L.E. radius: I.96. Slope of radius through end of 

chord: 0il6S. 
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FIG. 1 
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Figure 1 .- Lift characteristics of 2lj.- inch- chord model of NACA 

a = 1.0 airfoil section in NACA two-dimensional low-turbulence tunnel 
(designated LTT) and NACA, two-dimensional low-turbulence pressure 

tunnel (designated TOT) . R = 2.77 x 10 6 . 
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FIG. 2c 
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FIG. 3 a 




Figure 3 .- Lift characteristics of the NACA 65i-l|l8 airfoil 
section; 6-inch-chord aodel in TOT. 3 
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FIG. 3 




figure 3 Concluded. 
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FIG. 




Figure 4- .- Lift characteristics of the NACA 65*-Ul8 airfoil section through the entire 

range of Reynolds numbers. 
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FIG. 5 
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Figure S.- Lift characteristics of the NACA 65j-l(.l8 airfoil section 
in the LMAL 7- by 10-foot tunnel (designated 1 by 10 tunnel). 
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Figure Drag characteristics of the NACA 6-5x-if.l8 airfoil section in 

the LTT and IDT. 
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Jlgure 7 .- Drag characteristics of the NACA 65,-]4.l8 airfoil secti 
in the 7 by 10 tunnel. 5 
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figure i Scale effect on maximum lift coefficient of the 

NACA 65 5 -J+l8 airfoil section. 
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Scale effect on drag coefficient at the design lift coefficient 

of the NACA 65,-lil8 airfoil section. 
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Figure 20.- Scale effect on lift-curve slope and angle of zero lift. 
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